Circadian clocks control daily rhythms in physiology, metabolism and behaviour in most organisms. Proteome-wide analysis of protein oscillations is still lacking in Drosophila. In this study, the total protein and phosphorylated protein in Drosophila heads in a 24-h daily time-course were assayed by using the isobaric tags for relative and absolute quantitation (iTRAQ) method, and 10 and 7 oscillating proteins as well as 19 and 22 oscillating phosphoproteins in the w 1118 control and Clk Jrk mutant strains were separately identified. Lastly, we performed a mini screen to investigate the functions of some oscillating proteins in circadian locomotion rhythms. This study provides the first proteomic profiling of diurnally oscillating proteins in fly heads, thereby providing a basis for further mechanistic studies of these proteins in circadian rhythm.
PER by Nemo (NMO) controls its stability [12, 13] . Another type of post-translational modification, glycosylation, regulates PER nuclear accumulation [14, 15] . Many circadian related genes in Drosophila have been identified at the genome wide level using microarrays or RNA sequencing [16] [17] [18] [19] . Furthermore, clock-controlled genes from different groups of clock neurons have been also identified by RNA-seq [20] [21] [22] . As CLK is a critical circadian trans-activator, targets of CLK have been characterized by chromatin immunoprecipitation [23] . Although these studies provide insights into circadian transcriptional regulation, much less is known about oscillations at the proteome level. Recently, proteomics and phosphoproteomics have been used to identify circadian changes in proteins in mouse and rat [24] [25] [26] [27] [28] [29] [30] [31] [32] ; however, a proteomic profile of oscillating proteins in the nervous system in Drosophila is still lacking.
In order to identify oscillating proteins that may play a role in regulation of circadian rhythms, we performed quantitative proteomics analysis of fly heads using a previously described approach named isobaric tags for relative and absolute quantitation (iTRAQ) [33] . Compared to other quantitative mass spectrometry (MS) methods, such as isotope-coded affinity tags and metabolic labelling or stable isotope labelling of amino acids in culture, the design of this method enables more confident peptide identifications and processing of eight samples at the same time, thereby greatly reducing the technical error [33] .
The Drosophila CLK protein is at the centre of multiple regulatory loops involved in circadian rhythm [34] [35] [36] [37] [38] . In this study, we identified total proteins as well as phosphorylated proteins that oscillate across the 24-h day in both wild-type (w
1118
) and Clk Jrk mutant fly heads by using iTRAQ, and further identified their differentially expressed proteins and phosphoproteins. Lastly, we analysed the behaviour of flies with mutations in genes encoding several of the oscillating proteins identified in the screen and revealed potential roles for a-catenin in circadian rhythms.
Materials and methods

Fly rears and strains
Fly lines used in this study were w 1118 (Bloomington No.
5905) and Clk
Jrk (a gift from Michael Rosbash, Brandeis University). Flies were raised on standard Drosophila food. Zeitgeber time (ZT) was the time of collection relative to the light:dark cycle used in the experiments. ZT0 was defined as T-test or one-way ANOVA was used for all variation analysis in which P < 0.05 was regarded as significant, and P < 0.01 was regarded as very significant. After aging for 2 days, flies from ZT2, ZT8, ZT14 and ZT20 were anesthetized with CO 2 and frozen in liquid nitrogen. Fly heads were cut off and lysed in STD buffer (2% SDS, 5 mM TrisHCl, 10 mM DTT, pH 6.8) with phosphatase inhibitor complex from Sangon Biotech (Sangon Biotech (Shanghai) Co., Ltd. Shanghai, China; No. C500019) and protease inhibitor from Roche (Roche Diagnostic GmbH, Roche Applied Science, Mannheim, Germany; No. 04693132001). After grinding, boiling, sonicating (80 w, 10-s 15 times with 15-s intervals) and centrifuging (17 660 g 4°C for 25 min), the protein solution in the central layer was collected and stored at À80°C. Concentration of the protein solution was determined by bicinchoninic acid (BCA) assay. Two hundred-microgram protein was digested using a modified FASP method as described previously [39] . In short, the protein solution was loaded onto an ultrafiltration device (30 K MWCO, 500 lL, Sartorius), washed with 50 mM For phosphopeptide enrichment, the labelled peptides were dissolved in 100 lL loading buffer (1 mL lactic acid, 2 mL 80% ACN, 0.4% TFA), and phosphopeptides were enriched using the Titansphere Phos-TiO kit (GL Sciences Inc., Tokyo, Japan; No. 5010-21514) according to manufacturer's protocol. Labelled peptides were fractionated with strong cation exchange on an Acquity HPLC system (Waters) using SCX column (Protein-Pak Hi Res SP, 7 lm, 4.6 9 100 mm, non-porous; Waters). Fifteen fractions were collected and analysed using a Q-Exactive high-resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with Acquity nano-HPLC system (Waters). Peptides were eluted at a flow rate of 0.2 lLÁmin À1 with a 95-min gradient on a 75 lm 9 100 mm column filled with 3 lm C 18 stationary phase (AQ C18, Phenomenex Inc., Torrance, CA, USA). The mass resolutions of the mass analyser were set at 70 000 and 17 500 for full MS and MS/MS analyses, respectively, and the scan range was 300-1800 m/z. The 10 most intensive precursor ions were selected for MS/MS fragmentation with NCE at 30. Phosphopeptides were analysed with a 120-min nano-LC gradient without SCX fractionation.
Data analysis and quality control
Raw data were processed with Mascot Distiller 2.5 for peak picking and searched using MASCOT and Clk
Jrk with a mean value fold change greater than 1.5
(coefficient > log 2 1.5 = 0.6) for further analysis.
Bioinformatics analysis
The original data was uploaded to website http://www. iprox.org/page/DSV021.html;?url= 1506131721592IQ9Y with password XOCS. The Gene Ontology (GO) analysis was performed at http://www.geneontology.org and http:// www.pantherdb.org/. The pathway analysis was done using Ingenuity Pathway Analysis according to a detailed protocol on website: https://www.qiagenbioinformatics.c om/products/ingenuity-pathway-analysis/and http://cellde signer.org/.
Behaviour experiments and analysis
Adult male flies (2-5 days old) were used for testing circadian locomotor activity. Flies were entrained for 3 days to LD cycles at 25°C and then released into constant darkness (DD) for at least 6 days. Locomotor activity was recorded with Drosophila Activity Monitors from Trikenetics in Percival I36-LL incubators. Data analysis was performed with the FAAS-X software provided by the F. Rouyer lab [40] . For actograms, a signal-processing toolbox implemented in MATLAB (MathWorks) was used [41] .
Results
Ontological features of proteins expressed in the fly head
Clk
Jrk is a clock gene mutant that abolishes fly circadian rhythms [35] . Here we first verified that our Clk Jrk mutant line exhibited arrhythmic locomotor behaviour and lack of full length CLK protein.
Results showed that the locomotor rhythm of the Clk Jrk mutant in light: dark (LD) and DD was disrupted compared with a w 1118 control (Fig. S1A) , and the abundance of CLOCK protein was decreased in the Clk Jrk mutant in an immunoblot experiment (Fig. S1B) . Thus, the Clk Jrk and w 1118 control lines were used for this study.
In order to identify diurnally oscillating proteins, total proteins from the whole head in both wild-type (w
1118
) and Clk
Jrk mutant flies were sampled at Zeitgeber time (ZT) ZT2 (2 h after lights on), ZT8, ZT14, ZT20 and analysed using the iTRAQ-MS method (Fig. S1C) , in which 3270 proteins in total were identified, of which 3154 (96.5%) were detected in all three replicates.
Protein expression profiles in w 1118 and Clk
Jrk
In this study, the total protein profiles at ZT2, ZT8, ZT14 and ZT20 between w 1118 and Clk Jrk lines were compared using SCAFFOLD Q+ Quantitation Module. With coefficient greater than 0.6 (fold change > 1.5 as log 2 1.5 = 0.6) and P < 0.05, there were 45 differentially expressed proteins (Table 1 ). Pathway clustering revealed that the differentially expressed proteins were most often involved in cancer and organismal injury (Table S1 ). These proteins function in uridine-5 0 -phosphate biosynthesis and L-glutamine biosynthesis, PI3K/AKT signalling, RNA polymerase II processes, transcription activator BRG1 and MYC-centred gene expression and transcriptional regulation network, and mitogen-activated protein kinase 3 (MAPK3) and insulin-like receptor-centred network of tissue development and metabolism (Fig. 1A,B) .
In order to get a global view of the regulatory mechanisms involved in the differential protein expression in the Clk Jrk line, we searched for the possible upstream regulatory factors that might regulate these differentially expressed proteins (Fig. 1C) . Results showed that three upstream regulatory factors were possibly involved in regulation of expression of these proteins at ZT8 and ZT20. At ZT8, four of one hundred and four downstream targets of X-box-binding protein 1 (XBP1) were enriched in the Clk Jrk -specific differentially expressed proteins. At ZT20, four of one hundred and twenty-five downstream targets of nuclear factor erythroid 2-related factor 2 and rapamycin-insensitive companion of mTOR (RICTOR) were enriched in Clk Jrk -specific differentially expressed proteins. These results suggest that the activity of these upstream regulatory factors may be altered more in Clk Jrk than in w 1118 flies.
Oscillating proteins in w 1118 and Clk Jrk mutants
To comprehensively look for the oscillating total proteins in w 1118 and Clk Jrk mutant flies, we applied JTK cycle for assay of the expression data [42] . Results from JTK assay showed 10 and 7 oscillating proteins in w 1118 and Clk Jrk mutants, respectively, by applying criteria of ADJ (P < 0.05). AMP (amplitude) and LAG (phase) were indicated for these detected oscillating proteins (Table 2) . Interestingly, a transcription factor UPF1 was identified as an oscillating protein in both w 1118 and Clk Jrk (Table 2) . Moreover, some proteins identified as oscillating proteins in both genotypes were ribosome structural components.
Phosphorylated proteins with altered expression in the Clk Jrk mutant
As phosphoproteins play important roles in circadian regulation, we concentrated phosphorylated peptides using the TiO 2 method [43] and analysed the phosphorylated peptides profiles of both w 1118
and Clk Jrk at ZT2, ZT8, ZT14 and ZT20. Totally, we identified 5961 phosphorylated peptides, of which 1345 were found in all three replicates. A full list of identified phosphorylated peptides was shown in Table S2 .
In this study, 1275 phosphorylated proteins were detected, of which 649 (51%) were found in all three replicates at ZT2, ZT8, ZT14 and ZT20 in both w 1118 and Clk Jrk mutant flies. Analysis in phosphorylated protein profiles at these four time points between the two genotypes, by using One-way ANOVA analysis with coefficient greater than 0.6 and P < 0.05, we found that there were totally 55 differentially phosphorylated proteins (Table 3) .
Phosphorylated oscillating peptides in w 1118 and Clk Jrk mutants
To comprehensively look for the oscillating phosphorylated proteins in w 1118 and Clk Jrk mutant flies, we applied the JTK cycle for assay of the expression data. Results from the JTK assay showed that there were 19 and 22 phosphorylated oscillating proteins in w 1118 and Clk Jrk , respectively, by applying criteria of ADJ (P < 0.05; Table 4 ). Besides, for the oscillating phosphorylated proteins identified in this study, there were no significant changes in correspondence with total protein abundance at different time points, and JTK cycle analysis for these proteins also did not show significant oscillating. These data suggested that the oscillating phosphorylated protein only reflected changes in phosphorylation.
Functional analysis of proteins in oscillatory expression patterns
Importantly, many identified proteins in this study are known to be involved in circadian regulation such as SLMB, Brm and ATX2 [40, 44, 45] . Here we focused on some proteins that have not been linked to circadian rhythms, so 7 proteins that showed oscillations or differences in expression between w 1118 and Clk Jrk were selected for further functional analysis (Table 5) .
For most of these proteins, no mutants were available, so we used tim-GAL4 to express double-stranded RNAs (dsRNAs) targeting these genes in all circadian neurons, in which Dicer2 was introduced to enhance the RNAi efficiency [45, 46] . For most of the dsRNAs tested, there were no obvious defects in circadian behaviour ( Table 5 ), indicating that these genes are not involved in locomotor circadian behaviour. However, expression of dsRNA designed to target the mRNA that encodes a-catenin (a-Cat) lengthened the period by about 1 h (Fig. 2) . To determine which neuron requires a-Cat expression, we used pdf-GAL4 to restrict the dsRNA expression to pacemaker neurons. This caused a phenotype similar to that of flies in which dsRNA expression was driven by tim-GAL4, indicating that a-Cat is required in pacemaker neurons for circadian behaviour. To exclude the potential developmental defects of depletion of a-Cat, we restricted dsRNA expression only in adulthood, by using a temperature sensitive gal80 (gal80 ts ). A significant lengthened circadian period was still observed while knocking down a-Cat only during the adult stages (Fig. 2) . Together, these data indicate that a-Cat may play a role in regulation of circadian rhythms.
Discussion
There are advantages and disadvantages of the proteomic approach applied in this study. The advantage of this study was that capacity to show a number of novel oscillating proteins and phosphorylated proteins, and the locomotion behaviour analysis was used to confirm any roles of these in circadian rhythm. But one of the potential caveats for this proteomic analysis is that proteomic methods may miss some specific proteins due to low abundance. This may explain why we were not able to get differential signal for PER or TIM in this study. In this study, a significant number of differentially expressed proteins was acquired. However, another limitation of this study was that any spatial resolution of these differentially expressed proteins was not determined because we used head samples, in which the potential change in phase in one brain area was not captured. Further studies with more spatial resolutions are needed in the future.
The phosphorylated proteins are very important for maintaining function of protein activity. Although studies of core clock proteins have demonstrated the importance of phosphorylated proteins in circadian and sleep regulation [1, 2] , a systematic study of protein phosphorylation in circadian regulation has not been performed. This study provides a proteome-wide view of phosphorylated proteins that are potentially important in circadian regulation.
Importantly, some oscillatory phosphorylated proteins found in Clk Jrk flies do not show the same pattern in w 1118 flies. These phosphoproteins in Clk Jrk flies might be involved in daily rhythmic loss. The oscillatory phosphorylated proteins identified also do not overlap with the total oscillatory proteins (both phosphorylated and non-phosphorylated proteins), thereby implying that some proteins have an 
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